As human beings venture into space in the 21 st century, they will be confronted with a hypodynamic and thus hostile environment for the bone homeostasis, that could potentially compromise their mobility in general and skeletal strength in particular after landing. From this point of view, space flight studies are especially interesting and intriguing models for scientists. Space studies, however, must not only overcome enormous technical problems but are also limited in size and frequency. Therefore, ground-based models have also been developed to evaluate the effects of skeletal unloading. The most popular model for human studies is prolonged bed rest with normal volunteers, although studies with paraplegics have also been undertaken. In animals, the hindlimb elevation (tail suspension) model simulates space flight models and is well tolerated by the animals with minimal evidence of stress. Although negative calcium balance and bone loss have been observed in all the aforementioned models of skeletal unloading, the exact mechanism(s) by which this occurs are still unknown and mainly speculative.
INTRODUCTION
The skeletal structures of vertebrate organisms are constantly subjected to various mechanical stresses (including gravity). The mobility of vertebrates depends on the successful adaptation of the musculoskeletal systems to these stresses. The importance of physical activity in maintaining adult bone mass is widely recognized, and weight-bearing exercise has been advocated for the treatment of osteoporosis.
To better comprehend the effect of mechanical factor(s) on human biology in general and skeletal economy in particular, study of the conditions where these factor(s) are absent would probably contribute significantly to such understanding. The results from these studies, however, are not uniform, since the conditions under which they have been undertaken are variable. Therefore, one should be very cautious when extrapolating results from animal studies to humans and from space flight studies to ground-based conditions. 1,2 Nevertheless, some patterns emerge. density changes in non-weight bearing bones, such as the radius and ulna in the Skylab astronauts, were minimal even after 84 days. [15] [16] [17] Interestingly, little recovery and even further loss of bone density (at least in the heel) occurred after landing. 18 In conclusion, weight-bearing bones are likely to be the bones most affected by weightlessness. 19 The loss in bone mineral from such bones may be progressive, at least over 6 months, with a slow recovery, which may not reach the pre-flight levels even 5 years after landing. 5 However, it appears that exercise regimens employed by cosmonauts during the three Skylab missions were, at least partially successful in preventing bone loss. 16, 20 Microgravity induces an uncoupling of bone remodeling between formation and resorption that could account for the bone loss. 21 In fact, bone resorption markers, such as N-telopeptide (N-Tx), Ctelopeptide (C-Tx) pyridinolines (PYR) and D-pyridinolines (D-PYR), increase very early after the flight and return to normal pre-flight level within 1-3 weeks after landing. 10, [21] [22] [23] Although not a consistent finding during space flights, 10, 24 a fall in the parathyroid hormone (PTH) and 1,25-dihydroxy-vitamin-D (1,25(OH) 2 D) levels during the 8-day Spacelab-2 mission flight was found.
10,25 PTH levels remained low, whereas serum calcium levels rose during flight with recovery afterwards. 24, 25 The above changes point to an increased efflux of calcium from bone to the circulation as a primary event due to weightlessness, which subsequently suppresses PTH and vitamin D circulating levels (see also section B). The low PTH levels and the fall in 1,25(OH) 2 D levels could result in the decreased intestinal calcium absorption and increased renal calcium excretion observed during the space missions. 6, 9, 10, 22, 26, 27 It seems likely that matrix/cell interactions, including systemic hormones (PTH. GH, 1,25(OH) 2 D), locally produced factors (IGF-1, BMPs, PTHrP, TGF beta) and adhesion molecules such as the integrins, must underlie many of these phenomena. 28 
Animal studies
The above results are in agreement with the results from animal (mainly rat) flight studies. As with human studies, some caution is needed in the interpretation of these results because differences in ex-
A. SKELETON HOMEOSTASIS DURING SPACE FLIGHT

Human studies
Much of our information concerning the impact of space flight on bone mineral homeostasis shows marked individual variation. This is due to the small number of crewmembers studied and the differences between flights with regard to duration, diet applied, use of physical exercise and pharmacological countermeasures. 3, 4 Therefore, conclusions should be drawn with caution. 5 The first indication of the negative influence that microgravity exerts on bone homeostasis was the increased urinary calcium excretion during the Vostok 2 and 3 space flights in the 60s. 6 This observation was followed by measurements of bone density from the calcaneus during the Gemini IV, V, VII space missions (4, 8 and 14 days duration, respectively). 7 All measurements yielded bone loss in the range of 2.9 to 15%. Paradoxically, smaller loss was incurred during the 14-day flight (longest duration)! This was attributed to the isotonic muscle-strengthening program that the astronauts followed during this particular flight. Studies during the space flight Soyuz-9 verified the previous observations. 8 In space flight Apollo-8 cosmonauts showed increased gastrointestinal calcium losses along with increased urinary calcium excretion. 9 This was the first indication of a profound effect of weightlessness condition on gastrointestinal calcium absorption. Recently, fractional calcium absorption was determined by use of the stable strontium test in one cosmonaut who spent 20 days in space and was kept on a constant diet regarding calcium and vitamin D intake. In agreement with earlier observations, intestinal calcium absorption was markedly reduced during the flight as compared with the pre-and post-flight period. 10 In the early 70s, during the three Skylab flights, bone mineral measurements revealed loss of bone density from the calcaneus to be greater in the 84-day flight than in the shorter flights (up to 8%). [11] [12] [13] Similar results were obtained in the Salyut-6 cosmonauts (bone losses up to 19%). Again, greater losses were observed in the 140 to 184-day flights than in the 75-day flight.
14 On the other hand, bone of formation and maturation of bone matrix, whereas osteocalcin mRNA levels increase (with concomitant decrease of mRNA alkaline phosphatase levels) at the beginning of bone matrix mineralization. 42 Consequently, osteocalcin levels in serum and bone tissue decrease during space flight, whereas alkaline phosphatase levels increase during space flight (although decrease of osteoblastic alkaline phosphatase has also been reported on one occasion 45 ). However, one should be cautious when comparing results among studies: for instance, serum osteocalcin is known to be age dependent in the rat. 34, 43 Osteoclast number and activity, on the other hand, remain unchanged in most studies of bones from space flight animals. 30, 34, 36, 37 The only possible exceptions related to studies of less than one-week duration, where an increase in the osteoclastic population has been observed in different bone sites in pregnant rats. 33, 46 It could be advocated that although resorption activity could be transiently elevated between the 1 st and 2 nd week of microgravity exposure, for longer periods of weightlessness bone turnover decreases.
Associated with reduced bone mass, architectural changes that may contribute to the decrease in bone strength after landing are recognized. 28, 34 In weightbearing bones as tibial metaphyses, a decreased mass of trabecular bone 47, 48 and altered morphology of trabeculae 47 has been reported during many space flights of relatively short duration (18.5-22 days). As early as the 7 th day of microgravity exposure, the number of trabeculae in the proximal metaphysis of the tibia of growing male rats are rapidly and markedly reduced 28, 34 and also become thinner, 34 although the latter has not been confirmed by all studies. This leads to a reduction in trabecular density and increase in trabecular separation. 34 Bone formation process is defective as is revealed by the reduced osteoid thickness and the bone surface that covers. 34 The net result of these space flight-induced changes is weaker bone, 29, 49, 50 which was partially prevented in animals maintained in the 1g centrifuge. 51 After 2-3 weeks in space, the number of trabeculae is returned to normal but their thickness remains reduced. 52 perimental conditions, such as animal age, sex, body weight, pregnancy and variable delay (from hours to days) in post flight sample collection (i.e. sacrifice of the animals), cloud the interpretation of the data. When these variables are taken into account, the skeletal response is observed to vary with respect to weight bearing, its anatomic location and the presence of muscular insertions into cortical areas.
The best documented change in bone during space flight in growing rats is a remarkable reduction of periosteal bone formation and longitudinal bone growth. This is evidenced by the appearance of an extensive arrest line in the periosteum of cortical bone and decrease in primary spongiosa width. [29] [30] [31] [32] Two tetracycline labels given to young rats 3 days before and 3 days after a 19.5-day period flight were nearly superimposed in histomorphometric measurements of tibial bone, indicating a reduction in bone formation and peripheral bone growth 31 . Interestingly, the bone formation rate was not uniformly depressed in the cross section of the tibia and in fact was less severe at the level of the crest of the anterior tibia, where muscles are inserted. 31, 33 This raises the possibility that the deleterious effects of mechanical unloading in microgravity can be partially avoided by muscular contractions. 34 Space flight leads to a decrease in osteoblast number and activity, [35] [36] [37] which is likely the result of altered differentiation of osteoblast precursors. 35, 38, 39 At least one aspect of the reduction of bone formation is the inhibition of osteoblast synthetic capacity. In fact, after the 1-week Spacelab 3 mission, tibial osteoblasts had a smaller cytoplasmic area, probably leading to reduced collagen secretion. 36, 39 It has been shown that osteoblast precursors in the periodontal ligament remained immature during the flight, 38 a phenomenon which appears to be transient, since there is a rapid recovery mechanism for osteoblasts differentiation within few hours after the flight. 40, 41 In line with the above, the markers of bone formation, osteocalcin 32, 43, 44 and alkaline phosphatase change in an opposite direction as a result of the inhibition of osteoblastic differentiation to more mature forms. It is known that the mRNA levels of alkaline phosphatase increase during the phase
B. HUMAN PROLONGED BED REST STUDIES
Although not a perfect analog of space flight-induced bone atrophy, bed rest does unload the skeleton in a manner similar to weightlessness. Prolonged (up to one year!) complete bed rest in volunteers results in a very rapid uncoupling between bone formation and resorption, 53 63 levels have also been found. These results are consistent with the view that calcium and phosphorus are mobilized from bone as a primary event and depress circulating levels of major calcium-regulating hormones (similar to space flight). These subjects lost bone most extensively from the calcaneous (~10%), with lesser losses from the femoral neck and spine (~3-4%). 54, 56 Reambulation is accompanied by reversal of all aforementioned biochemical changes. Reduction of bone resorption markers, 56 increase of PTH 56 and bone formation markers 53, 59 and, finally, normalization of intestinal calcium absorption, have all been demonstrated during this phase. However, only the calcaneous showed significant recovery of bone density during reambulation. 54 Interestingly, an increase in bone density in the skull (~3%) was observed during the bed rest (see below). A similar 120-day study that included iliac crest bone biopsy samples showed little change in the trabecular bone volume of the iliac crest, 56, 65 although osteoclast numbers were increased. 65 The rate of bone mineralization, 56,65,66 the mineral apposition rate 56,65 and the osteoid surface 67 were decreased, pointing to a reduction in new bone formation due to skeletal unloading. In this study, some of the participants received etidronate, which blocked the rise of the osteoclasts without significant changes in the trabecular bone volume. A 360-day bed rest study, in which exercise as well as etidronate was evaluated, showed that etidronate was a more effective countermeasure than exercise in preventing the loss of bone mineral density in the femoral neck. 68 A shorter 7-day bed rest study confirmed the reduction in bone formation and mineral apposition rates on bone biopsy specimens from the iliac crest and the increase in urinary pyridinoline crosslink excretion but also noted increased serum osteocalcin levels, which suggests a general increase in bone turnover. 69 Similar to the space flight data, bed rest studies show the greatest losses in bone mineral from those bones that are subjected to greatest gravitational stress before bed rest. The observation that the skull increases in bone density may imply a redistribution rather net loss of bone mineral in these individuals. The bones in the head, which are not weight bearing, may act as an in vivo sink for the additional calcium and phosphorus mineral that are released from other skeletal sites during bed rest. 55 This may also be a result of increased hydrostatic pressure in the head relative to the leg, due to the cephalad fluid shift during space flight and bed rest. 54 Finally, another possibility is that the head experiences increased stress during bed rest from propping up to read or eat, thus stimulating bone remodeling.
Similar to the space flights, the above data suggest that the primary response of the skeleton to prolonged bed rest is an increase in bone resorption by osteoclasts with parallel release of calcium and phosphorus from bone tissue to the circulation. This results in suppression of calciotropic hormones, such as PTH and 1,25(OH) 2 D. 63 Interestingly, recent studies have shown a strong association between osteoclast recruitment, osteocyte apoptosis and the process of bone modelling or remodelling (i.e. repair of microdamages). 70, 71 If microdamage occurs in the cortical bone (i.e. by mechanical overloading), osteoclasts invade the cortical bone to remove the damage. This event is preceded by a marked osteocyte apoptosis at the affected area by several days. This sequence of events raises the possibility that the osteocyte apoptosis might actually represent the source of a signal for the osteoclastic invasion. The mechanism of initia-The animals move around the cage using their forelimbs, while their hindquarters are elevated at approximately a 40 o angle from the floor of the cage. They are unable to rest their hindlimbs not even on the side of the cage and are thus non-weightbearing. Interestingly, the animals are subjected to minimal stress 78 as indicated by the fact that the animals continue to gain weight, [79] [80] [81] groom and show normal cortisol level and circadian rhythm. 78, 80, 82 The forelimbs are normally weighted 83 and can serve as internal controls, although we now appreciate that the bones in the forelimbs are not perfect surrogates for the bones in the hindlimbs. 84, 85 This model mimics a number of features of space flight experiments, by removing weight-bearing loads from the hindquarters and producing a cephalic fluid shift. Bone formation [86] [87] [88] and mineralization 86, 88, 89 in the unloaded hindlimbs are inhibited, osteoblast number is decreased, 86, 90 osteoclast number remains unchanged, 86, 90 serum and skeletal osteocalcin level and skeletal alkaline phosphatase level fall within the first few days of hindlimb elevation 87, 90 and bone strength diminishes. 91 Osteoblast or stromal cells from the bones of the unloaded limbs proliferate more slowly in vitro, 90 which suggests that an antiproliferative signal from skeletal unloading causes a persistent change in cell function. However, these changes are transient. Bone formation in the unweighted tibiae and lumbar vertebrae of 6-week-old growing rats was inhibited by 5 days but recovered at a nearly normal rate by 2 weeks of continued unloading. 79, 86, 88 Interestingly, the normally loaded bones (i.e., the humerus 79, 88 and cervical vertebra 88 ) were not affected by hindlimb elevation. Following the changes in bone formation, osteocalcin and 1,25(OH) 2 D levels in blood of young rats fall by days 2-5 only to recover to control level by day 15. 87, 93 Although rate of bone formation recovers in the younger animals despite continued unloading, the bone lost during the initial week was not regained as long as unloading was continued. 88 However, resumption of normal weightbearing results in accelerated bone formation until bone mass is restored to normal. 17, 93 In contrast, 6-month-old rats showed a more gradual reduction in bone formation due to skeletal unloading compared to the young rats, which continued even after 5 weeks of continued unloading with no sign of recovery. 1 tion of apoptosis and the molecular signals between damage, apoptosis and osteoclast activity are under intense research Bone density loss due to immobilization has also been described in neurological patients. 63, 72 Hemiplegic patients are a useful model because it offers the advantage of a proper control for the complex genetic and environmental cofactors involved in each individual. This is achieved by measuring changes in the bone mineral density in the paralyzed lower limb as compared to the nonparalyzed one. Although length of immobilization is a significant contributing factor to the bone loss (especially in men), it probably accounts for only a part of the total variance. 73 Other factors, such as years since menopause in postmenopausal women, may play an even more important role as an independent determinant of bone loss than the length of immobilization itself. 73 Notably, the initial phase of rapid bone loss follows a period of bone mass stabilization. 66, 74 It has been shown, for instance, that acute immobilization of adult humans as a result of spinal cord injuries resulted in a rapid loss of bone for approximately 25 weeks, after which time, trabecular bone volume stabilizes at roughly 67% of normal and appears to remain at this level indefinitely. 66 In line with bone density changes, bone resorption markers increase dramatically (even up to ten time the normal), whereas the bone formation markers do not exceed the upper normal limits. 75 The resulting osteopenia predisposes the bones to fracture even after minimal trauma, 76 and indeed the frequency of osteoporotic fractures among this population is in the range of 5 to 20%. 77 
C. RAT HINDLIMB ELEVATION MODEL (TAIL TRACTION METHOD)
A model that uses hindlimb unloading of rats was developed to study the consequences of skeletal unloading and reloading as occurs during and following space flights. Studies using this model were initiated two decades ago and further developed at the National Aeronautics and Space Administration Research Center. In the hindlimb elevation (or tail traction) method, the tail of the animal is secured to an overhead pulley system by orthopedic tape.
Similarly to space flight experiments, one should be very cautious in extrapolating results from animal studies to humans. We should keep in mind that in the growing rats, bone formation exceeds bone resorption, which is in contrast to the substantially lower bone formation rates in older animals and the tightly coupled bone formation and resorption phase in humans.
Similar to space flight and bed rest studies, hindlimb elevation also leads to a dramatic fall (~63%) in the serum 1,25(OH) 2 D levels, reaching a nadir by 5-7 days, and a return toward control values during the second week of unloading. 82, 86, 92, 93 With the resumption of normal weight-bearing, bone formation is accelerated until bone mass is restored to normal. 93 PTH levels were found unchanged throughout the experiments. 92 Although these data suggest a strong link between the skeletal response of bone to unloading and 1,25(OH) 2 D production, infusion of 1,25(OH) 2 D fails to prevent the changes in bone formation induced by skeletal unloading, which in turn indicates that the fall in 1,25(OH) 2 D is not solely responsible for the cessation of bone formation. 86 Furthermore, the lack of effect of hindlimb elevation on bones like the humerus, mandible and cervical vertebrae, which are not unloaded by this procedure, suggests that the local factors rather than systemic effects dominate the response of bone to skeletal unloading. Local factors within the bone itself, such as the transforming growth factorb (TGF-b), bone morphogenic proteins, basic and acidic fibroblast growth factor, and IGF-I and -II are likely to play a major role in mediating this response.
D. PRESENCE OF MECHANICAL FACTORS
Weight-bearing exercises, such as walking, jogging, running or stair climbing, have been introduced as means for the prevention or treatment of osteoporosis. 95 Weight-lifting athletes, tennis and squash players are some striking examples of the effect of skeletal loading in real life. [96] [97] [98] Three mechanisms for coupling the load on bone to changes in bone formation have received the most attention: streaming potentials, mechanical strain, and fluid shear stress. These mechanisms are not mutually exclusive. Streaming potential results when bone is flexed, causing movement of the ionic milieu bathing the cells. The charge displacement generates local electric fields, which can influence cell metabolism. Mechanical strain applied directly to the cell membrane activates stretch-activated ion channels and other membrane-associated proteins, such as integrins, which are linked to the cytoskeleton in a variety of cellular processes and structures including the nuclear matrix. Cyclic mechanical strain (stretch) also promotes gap junctional cell to cell communication in osteoblastic cells in a way similar to parathyroid hormone or prostaglandin E 2 . 99, 100 Fluid shear stress is likely to combine these mechanisms such that the movement of intercellular fluid in the canaliculi surrounding osteocytic processes generated by the flexion of bone applies a force to the cell membrane.
E. CONCLUSION
In summary, the presence (or absence) of mechanical factors appears to play a predominant role in bone homeostasis. H. Frost has suggested that mechanical factors dominate the hormonal-biological factors in regulating bone physiology. 101 Nonmechanical factors such as various hormones, dietary calcium, cytokines, etc, influence skeletal adaptation to the action of mechanical factors, but by no means replace them. Nature, however, is characterized by synthetic processes and it appears that hormonal and mechanical factors interact in a remarkable harmonic way to maintain durable and healthy bone. Skeletal unloading in general and space flight in particular provide scientists with an excellent opportunity that can be used to understand the mechanisms by which bone mineral homeostasis is maintained. This information and experience may lead to more effective treatments when bone becomes fragile due to reasons less exotic than space travel. The effects of twelve weeks of bed rest on bone histology, biochemical markers of bone turnover, and calcium homeostasis in eleven normal subjects. J Bone Min
